Purpose: To detect and localize exudative lesions in exudative age-related macular degeneration and to compare images obtained from infrared scanning laser tomography and video displays of digitized color slides in detection and localization of exudation.
of these lesions is crucial for accurate evaluation and treatment of exudative ARMD. 2 Accurate grading of the fundus image is an important process in epidemiologic studies of ARMD. Color fundus photography is a standard technique for grading ARMD in many epidemiologic studies. The image quality of fundus photographs is frequently degraded by alterations with aging in the ocular media. [3] [4] [5] In addition to cataractous lens and capsular opacities, small pupils may reduce image quality. The poor image quality leads to inaccuracy in grading. Therefore, studies require grading for image quality as well as for pathologic assessment in their methods. The results may be biased against a pathologic lesion that is difficult to visualize due to media problems and inadequate photographs. It is important to consider alternative methods for visualizing pathologic lesions.
A confocal scanning laser ophthalmoscope with infrared illumination provides one alternative method. 6 This system has the advantage over color fundus photography of providing high-contrast views of the retina, even if the lens is moderately cataractous. 5 In many patients, pupil dilation is unnecessary for obtaining clear images. The images have the advantage that they may be stored and viewed using a digital review station, along with other data from a variety of sources.
Confocal scanning laser tomography is a variation of confocal scanning laser ophthalmoscopy. A comprehensive series of images using a small confocal aperture are taken from various retinal layers to evaluate the relative height across the retinal surface. 7, 8 We have suggested that individual images from this series of images have useful information for evaluation of either retinal or subretinal lesions. 9, 10 We further computed the relative depth information concerning subretinal lesions, such as CNV, as compared with the retinal surface, using individual images from this technique. 11 These reports 9 -11 suggest the importance of individual images in confocal scanning laser tomography. However, a statistical comparison between confocal and video displays of digitized color slides was not performed in the previous studies. In this study, reviewers compared the quality of three kinds of confocal images, computer-calculated summary images, and video displays of digitized color slides and examined their significance of evaluating lesions in ARMD.
Subjects and Methods

Subjects
The prospective study included 11 eyes of 11 patients (6 men and 5 women; age range, 56 -86 years [mean age, 75.0 years]) with exudative ARMD (Table  1) . Before testing, all patients received a detailed explanation of the study procedure and signed consent forms approved by the Institutional Review Board of the Schepens Eye Research Institute (Boston, MA). From 11 eyes, we selected 10 eyes to evaluate CNV and 8 eyes to evaluate PED. A fluorescein angiogram was used to verify the nature and location of lesions so that the reviewer was confident that the correct lesions were evaluated-i.e., a lesion was identified as CNV because the fluorescein angiographic image shows CNV in that location. The fluorescein angiographic image was required to be of sufficient quality to provide a standard image. In Case 7, Indocyanine green angiography was used as an auxiliary technique to localize the lesion. Similarly, the locations of PED involvement were determined by fluorescein angiography. Images,°1   CNV, PED  OD  56  M  3,720  20  2  CNV, PED  OD  73  M  3,999  20  3  CNV, PED  OS  73  F  4,191  20  4  CNV, PED  OS  73  F  4,191  20  5  CNV, PED  OD  75  F  3,658  20  6  CNV, PED  OS  75  M  2,880  20  7  CNV, PED  OS  79  F  2,688  20  8  CNV  OD  77 
Confocal Images
A series of confocal scanning laser ophthalmoscopic images was obtained using TopSS (Laser Diagnostic Technologies, San Diego, CA). This system uses an infrared diode laser (790 nm) at a comfortable maximum level of light (3.0-mW maximum at the cornea). To improve the contrast of structures within each plane of focus, this system had a small confocal aperture (approximately 24 m at the retina). Each image is displayed as 256 ϫ 256 pixels. The measurement areas were 20 ϫ 20°for 10 eyes and 30 ϫ 30°f or 1 eye. Scan ranges, as reported by the instrument, varied from 1,321 m to 4,560 m ( Table 1 ). For each topographic measurement, the system digitized a stack of 32 images of consecutive focal planes in 0.9 seconds. The first image was set at a position anterior to the retina, and the last image was set posterior to the retina. We prepared the summary image calculated by the TopSS software from the 32 confocal image series. The summary image visualized to some extent both retinal and deeper layers.
To provide a selection of confocal images that emphasized retinal landmarks as opposed to deeper structures, we selected individual confocal images from the following focal planes: anterior to the retina, the retinal surface, and the deep retina (Figure 1 ). From the raw data, each image series was separated using our own software. To quantify eye movements, we analyzed the position of a retinal landmark within each image series, such as the lesion of interest or the bifurcation of a retinal vessel, in each confocal image. The errors were often not large, because the TopSS software already makes an initial compensation. Next, we computed the position of the landmark in each of the 32 images. Finally, we sampled the region of interest in each of the 32 images based on its position relative to the landmark, thereby compensating for eye movements in each individual image of the 32 image series.
Next, to provide an estimation of reflective structures such as the vitreoretinal interface, we calculated the axial intensity profile, which is the function of the depth of the intensity at a chosen retinal location ( Figure 2 ). For each eye with CNV, we measured the axial intensity profile at the margin of CNV (L max ), with an area ranging from 80 pixels to 120 pixels (44,000 -64,000 m 2 or 0.044 -0.064 mm 2 ). This margin was required to be relatively clear in the series of confocal images and to be adjacent to an area without the bright lesion. We measured the axial intensity (L min ) at the retina adjacent to the CNV. The region of interest for L min was on the border of the region of interest for L max . Each axial intensity distribution showed a single clear peak, which with this technique defines the relative axial position of the retinal surface. 7, 8 Thus, for each eye, the retinal surface image was defined as the confocal image corresponding most closely to this single peak. We evaluated the maximum edge contrast of each CNV, which was expected to lie posterior to the peak of the axial intensity profile. 11 This allows us to select the image from the deep retina. We used the Michelson contrast to calculate the edge contrast, because it is unaffected by image intensity changes:
The peak of the edge contrast distribution was located posterior to the peak of the axial intensity distribution in all 10 eyes. This posterior location agreed with the judgment of improved contrast in the deeper layers by the experimenter (M.M.), who was not a grader. Thus, the deep retinal image was selected as the image in each eye with the highest contrast at a given edge of the CNV. The resulting distance between these two confocal images varied from 607 m to 774 m (mean, 696 m). The average number of images, and therefore samples, between the retinal surface image and the deep retinal image was 6.8. Next, the confocal images anterior to the retina were selected to have the same axial distance from the computed retinal surface but were anterior rather than posterior to the retinal surface image. In all 10 eyes graded for CNV, the CNV edge contrast was always greater for the images from the deep retina than for any other confocal image (Table 2) .
For the PED cases, we calculated an axial intensity distribution of the retina adjacent to the PED, as was found for the CNV cases. These distributions showed clear single peaks, and confocal images at these peaks were again chosen as the retinal surface images. In 7 of 8 eyes, the deep retinal image and corresponding Š digitized color slide (color) was always the top center panel, but scanning laser tomographic images 1 to 4 were randomized as to the condition for each case. In this case, image 1 was the deep retinal image, image 2 was the retinal surface image, image 3 was the image anterior to the retina, and image 4 was the summary image. B, Digital images with a 30°view for grading of pigment epithelial detachment in Case 1, as shown on the monitor. The FA and video display of the digitized color slide (color) are as in A, but scanning laser tomographic images 1 to 4 were as follows: image 1 was the image anterior to the retina, image 2 was the deep retinal image, image 3 was the retinal surface image, and image 4 was the summary image.
confocal image anterior to the retina had matching axial distances from the retinal surface, as was found for the CNV. In one eye (Case 11), fluorescein angiography revealed multiple foci of hyperfluorescent leakage, and we could not localize the edge of CNV. In this eye, we used 700 m as the distance between confocal images, because this value was closest to the mean of the distances used for the CNV. The edge contrasts of the PED are shown for the three confocal images in Table 2 .
Grading
To assemble all images into a single view for the grader, we digitized the color fundus slides and fluorescein angiogram positives using a lossless file format, TIFF. A human observer, who was not a grader, performed the digitization with a minimum of 10 bits per color using a SprintScan (Polaroid, Cambridge, MA). The software provided a video display of each image before it was saved. The fluorescein angiogram positive was digitized to provide an apparent match of contrast of the video display to the positive. As much of the gray scale range as possible was used without exceeding the dynamic range at either the top or the bottom of the scale, which would have produced regions of white or black. The color slides were digitized to obtain a realistic color scale via adjustments in both hue and saturation. An observer matched each slide to its video display. Once digitized, the software allowed the use of the full color gamut that is available with 8 bits per color, or 24 bits. We did not enhance the color contrast, which can yield incorrect fundus colors. The digitized images were resized using Photoshop 6.0 (Adobe, San Jose, CA) to be comparable in field of view and resolution with the confocal images. The confocal images were 20°in diameter, except for a 30°size for the large lesion of Case 10 (Table 1) . Thus, the nominal resolution of the angiograms and the digitized color images was reduced to approximately 23 m per pixel. This resolution is sufficient for visualizing a large structure such as CNV as well as any bright structure against a darker background such as a single druse or a fluorescent blood vessel. For visualizing these structures well above the resolution limit, contrast is the important variable.
We provided a conservative test of the potential value of the confocal images compared with video displays of digitized color slides. The confocal images were not processed or enhanced in any way. Both the fluorescein images and the confocal images were displayed in 8 bits of gray scale per pixel. The video displays of digitized color slides were not reduced in pixel depth to match the maximum 8 bit per pixel figure but instead used a full color scale of 24 bits per pixel, with far more possible color values (there were only 256 shades of gray but Ͼ1,670,000 colors). The file size of each image was 71 kB for confocal images Fig. 2 . Schema of how the individual confocal images were selected, using Case 9 from Figure 1A . The retinal surface image was selected as the image from the plane with the brightest reflection, which is the peak of the axial intensity distribution. The deep retinal image was selected as the image with the highest edge contrast of choroidal neovascularization, which is the peak of the edge contrast distribution. CNV, choroidal neovascularization.
and fluorescein angiographic images and 212 kB for the video displays of digitized color slides.
Five images were graded: the four images from scanning laser tomography (including the anterior image, the retinal surface image, the deep retinal image, and the summary image) along with a video display of a digitized color slide. For the grading of these five images, a single image from fluorescein angiography defined the location and contours for each lesion. The digital images from fluorescein angiography, video displays of digitized color slides, the three confocal images, and the summary image were simultaneously presented to the grader on a computer monitor as shown in Figure 1 . Each region of interest in a given lesion was indicated to the grader by arrows in the corresponding fluorescein angiographic image. The three confocal images and summary image were randomly arranged for blind grading with respect to the axial position. Three retinal specialists (M.E.H., K.L., and C.L.T.) graded the CNV and PED images using the criteria shown in Table 3 . In separate sessions, each retinal specialist was given the detailed instructions by and gave grades for all cases to a research assistant, who did not acquire, prepare, or grade these images.
We used the Friedman test and Wilcoxon signed test for statistical analysis of the data pooled from the three graders. We computed the agreement for an exact match and for one step from an exact match for the three graders and 18 total data sets: 10 CNV and 8 PED sets. We used paired t-tests to compute the difference between the CNV or the PED edge contrast in the confocal images.
Results
For CNV, the lesions were readily detected in images acquired using scanning laser tomography. The confocal image from the retinal surface received the highest grades, rated as excellent or good Ͼ50% of the time ( Figure 3A) . Of the confocal images, the retinal surface was rated highest; the deep retina, next; and anterior to the retina, last (P Ͻ 0.01; Wilcoxon signed rank test and Friedman test). For the objective computations, the deep retinal images had significantly higher edge contrasts than did the retinal sur- face images, which likewise had significantly better contrasts than did the images anterior to the retina (P Ͻ 0.001 and P Ͻ 0.005, respectively; paired t test [ Table 2] ). Both the retinal surface image and the summary image from scanning laser tomography were rated superior to video displays of digitized color slides (P Ͻ 0.004; Wilcoxon signed rank test). Confocal images from the retinal surface and deep retina, when considered alone, showed no significant differences compared with the video displays of digitized color slides.
For PED, the lesions were also readily detected in images acquired using scanning laser tomography ( Figure 3B ). The summary image from scanning laser tomography received the highest grades, rated as excellent or good Ͼ50% of the time. There were no significant differences among the confocal images and the summary image (P ϭ 0.95; Friedman test). For the objective computations, the deep retinal images had higher edge contrasts (but not significantly so) than did the retinal surface images, whereas the retinal surface images were significantly better than the images anterior to the retina (P ϭ 0.09 and P Ͻ 0.01, respectively; paired t-test [ Table 2 ]). Each confocal image and summary image was rated superior to the video displays of digitized color slides (P Ͻ 0.002; Wilcoxon signed rank test).
The rate of agreement among three graders was 14.4% for an exact match and 72.2% for one step from an exact match.
Discussion
In localizing the margins of lesions in exudative ARMD, such as CNV and PED, confocal images from infrared scanning laser tomography were graded significantly better than video displays of digitized color slides. For PED, all the images from scanning laser tomography were statistically better than the video displays of digitized color slides. For CNV, statistical analysis indicated that retinal specialists preferred the summary image and the retinal surface image, which clearly showed retinal features as well as the CNV. This difference between CNV and PED is consistent with the differences in pathologic changes. In high PED, the summary image may best simultaneously illustrate the features within the most elevated portion of the retina, the PED border, the retinal vessels bending at the border, and the surrounding retina. In CNV, the elevation is often less, and one confocal image can illustrate more of the important features.
Confocal images with infrared illumination have advantages over video displays of digitized color slides in the detection of CNV. Laser scanning technologies provide improvement of the contrast in retinal structures behind the degraded optics of an aging eye. 5, 6 The illumination of only one point at a time Fig. 3 . A, Results of choroidal neovascularization grading. The bar graph shows the average grade of the three graders for each image type: the video display of the digitized color slide (color), the confocal image anterior to the retina (anterior), the retinal surface confocal image (surface), the deep retinal confocal image (deep), and the summary tomographic image (summary). The summary and surface images were graded significantly better than the video display of the digitized color slide (*P Ͻ 0.004; Wilcoxon signed rank test). B, Results of pigment epithelial detachment grading, as in A. The statistics show that all three confocal images and the summary image were graded significantly better than the video display of the digitized color slide (**P Ͻ 0.002; Wilcoxon signed rank test). Key: white, excellent; black dots, good; gray shading, moderate; diagonal stripes, poor; white dots, very poor. prevents scattering over long distances from adjacent structures. In contrast, color fundus photography illuminates a large field of view. The resulting image is a combination of light reflected from the retinal surface, light passing into deeper layers and potentially scattering over longer distances, and light scattered by superficial bright lesions that may be several degrees away. In complex lesions such as CNV, the decreased contrast can make detection and localization difficult. The images of scanning laser tomography are further improved by the use of a confocal aperture, which can separate the reflected light from scattered light emanating from out-of-focus structures such as vitreous opacities or liquefaction. This minimizes the influence of the layers anterior to the CNV. By using an infrared laser source, less illumination is absorbed by the retinal layer than with visible light, which helps to visualize deeper layers. Our results verified these advantages.
We developed an objective method for determining which confocal image had the highest CNV edge contrast. Theoretically, images from the deeper layers should have the highest CNV edge contrast. We verified this, and the images selected to have the highest edge contrast were all beneath the retinal surface. However, the graders, who were blind to which confocal or summary image was presented, graded the retinal surface images and summary images superior to the deep retinal images. We propose the following hypotheses to explain this disparity. First, the differences of the edge contrasts were too small to influence the subjective judgment. This hypothesis is consistent with the finding that many of the confocal images received a grade of "excellent" or "good." Second, our graders, who were experienced retinal specialists, did not use contrast of the lesion margin as the sole basis for the grade assigned to each image. Our graders had long-term experience in the use of retinal landmarks for treatment. Landmarks such as major retinal vessels are often enhanced with fluorescein angiography and used to localize and delineate CNV in the management of exudative ARMD. These landmarks are near the retinal surface and are therefore likely to be clearest in the confocal image from the retinal surface. The disparity between the subjective and the objective results should be considered in epidemiologic studies, because these studies are usually conducted by the subjective observation of the graders. A computer-guided objective grading system could be considered as a possible alternative technique for epidemiologic studies.
For PED, the confocal scanning laser ophthalmoscopic images were all graded as better than video displays of digitized color slides. In confocal images with an infrared laser, the fluid-filled portion of the PED was visualized as dark 3, 6 compared with the adjacent retina that was not elevated. Light does not readily pass either in or out of the turbid fluid component of this lesion, although an intact overlying retina can reflect light to some extent. The fluid-filled component of a PED can elevate the retina to a significant degree 9 (distorting the geometry of the usual retinal layers) so that the light is less likely to be collected through a confocal aperture, whereas in color fundus photographs and the video displays of digitized color slides, the PED appears brighter than the surrounding retina (possibly due to light scattered long distances over a wide angle without the usual absorption of the short wavelength light by the underlying choroidal blood and melanin that lay beneath the PED 12 ). These potential factors may make the PED look more yellow or lighter, obscure the margin of the PED, and attribute to poorer grading (see the superior temporal, superior, and superior nasal borders shown in Figure 2 ). Because the confocal images were graded much better, future studies are needed to examine whether this type of imaging offers potential utility not only for epidemiologic studies but also for patient management. 9 The methods used in this study were different from those used for evaluation of the percentage of a large population progressing from early to wet ARMD, such as in the Wisconsin study. 13 We included only patients with sufficiently good ocular media to permit good image quality in fluorescein angiography, which led to the likelihood that the original color slides were of better image quality than found for a general population. Yet, the video displays of digitized color slides were rated worse than the confocal images.
The method of determining agreement among graders was also different. The Wisconsin study 13 included a far larger sample size and greater range of pathologic lesions, necessary in the development and validation of any technique. The graders in the Wisconsin study used stereo color slides to place subjects into broad classifications including categories such as soft drusen or PED. Our graders were required to judge the margin of the lesions in patients with ARMD, similar to the task required with performing laser photocoagulation. They always detected the feature of interest, which meant that they could have assigned the correct category. In our study, three graders evaluated the image independently, without the use of a senior grader in the case of disagreement. We used an agreement criterion among three graders that was stricter than that used by the two graders in the Wisconsin study. For all these reasons, agreement among our three graders was worse than that of the graders in the Wisconsin study.
The application of computer networking technology should be considered in multicenter epidemiologic studies, as well as in telemedicine and archiving. The advantages of a small file size are transmission and efficient storage in a computer network or off-site review station. Each confocal image consists only of 71 kB. If digital color fundus data are stored and displayed (uncompressed at a high resolution such as 3,000 ϫ 2,600 pixels), the volume of each file amounts to Ͼ22 MB. This unwieldy size is clearly disadvantageous for a computer networking strategy. To solve this problem, we adjusted the size and field of view to be identical to the confocal image, still allowing more bits per pixel. The image quality of the video display of digitized color slides was potentially degraded from the original color slide by digitization and file size adjustment. However, when considering the computer storage and bandwidth requirements for either a network-based epidemiologic study or telemedicine, digital image data and a small file size are desirable.
In epidemiologic studies, color fundus photography has been a standard technique to evaluate ARMD. 13, 14 However, the quality of color fundus images is frequently degraded by poor ocular media, leading to a decrease in the ability to detect typical features. [3] [4] [5] Fluorescein angiography is a standard clinical method to evaluate CNV. 2 The possibility of side effects, 15 the discomfort to subjects, the cost, and the volume of data from the entire transit have restricted its application in epidemiologic studies. For these reasons, it is important to evaluate the potentiality of other techniques, not only for epidemiology but also for patient management. It is difficult to compare the contrast available images with gray scale images, such as those from angiography, because color discrimination depends upon the size of the objects and differs among observers. 16 In addition, the choroidal fundus pigmentation of patients differs, making difficult the automatic application of contrast computations to lesions lying beneath the retina. 6, 12 Confocal scanning laser tomography is a noninvasive technique that is more comfortable for subjects. We used an image acquisition device that is linear, which provides ease of image computations, and is influenced more by pathologic lesions of the fundus than by innate pigmentation. 6, 17 Pupil dilation is not necessary for obtaining clear images. Images were graded as better than video displays of digitized color slides. The file sizes of gray scale confocal images were smaller than those of video displays of digitized color slides, even with the same number of pixels. This is an important advantage for network-based epidemiologic grading. Finally, the image series of scanning laser tomography can provide a comprehensive evaluation for various focal planes, along with quantification of retinal elevation. Considering all of our findings, confocal scanning laser tomography with an infrared laser might be a good alternative technique for the epidemiologic study of ARMD.
Key words: age-related macular degeneration, choroidal neovascularization, confocal scanning laser tomography, infrared laser, pigment epithelial detachment, retinal imaging.
